Chloro-based volatile organic compounds (VOCs) are known to exert noxious effects on the environment, and their destruction by catalytic combustion, for example, accompanies a production of hydrochloric acid (HCl) that damages the catalyst. We have been interested in complete removal of VOCs by our system based on thermally activated oxide semiconductors (i.e., catalysts) such as Cr 2 O 3 , TiO 2 , NiO, -Fe 2 O 3 . In the present investigation, we have fundamentally studied the decomposition process of dichloromethane (CH 2 Cl 2 : DCM) and trichloroethylene (CHCCl 3 ; TCE) on the basis of the mass-and Raman spectra in an attempt to identify the formation temperature of HCl. Then, we found that the decomposition of DCM and TCE starts at about 100 and 200 C, respectively; whereas HCl is abruptly formed at a critical temperature of about 350 C in both compounds. Based on this result, we have optimized the operation temperature below 300 C for Cr 2 O 3 -impregnated honeycomb systems and achieved the complete removal of DCM and TCE that accompanies no formation of HCl.
Introduction
Nowadays, the emission of volatile organic compounds (VOCs) causes serious environmental issues such as photochemical oxidants, ''sick-house'' syndrome, and photochemical smog. 1) Among VOCs, chloro-based volatile organic compounds (VOCs) such as dichloromethane (CH 2 Cl 2 : DCM) and trichloroethylene (CHCCl 3 ; TCE) are widely used in various industries. 1) Especially, DCM is employed as an extraction solvent for organic compounds, or as a solvent for various acetylcelluloses; whereas TCE is used as a noninflammable good solvent for rubbers, fats, resins, and also as a degreasing agent in the high-technology semiconductor industry. However, these compounds are highly toxic and noxious to health. 2, 3) Catalytic combustion, for example, can basically remove chloro-based VOCs. However, it inevitably accompanies formation of hydrochloric acid (HCl), dioxins, etc. In addition, HCl poisons easily metal-based catalysts, even oxide ones. 4, 5) Therefore, a new technology for complete removal of chloro-based VOCs without accompanying any HCl is in great demand at the moment. Similar situations are also the case in chlorofluorocarbons, where HF and/or HCl deactivates the catalyst. 6, 7) In view of the above situation, an attempt has been made in the present investigation to apply our novel technology to the present problem, utilizing thermally generated holes in semiconductors. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] The use of thermally activated holes for removal of VOC and organic wastes is an entirely new technology initiated by us in 2001. 8) The present technology uses the formation of a large number of highly oxidative holes generated by thermal excitation of semiconductors. Lasers, transistors, and diodes are representative High-Tech applications of semiconductors. However, ours is the application that utilizes semiconductive properties in the high-temperature region. Oxide semiconductors are particularly preferred for our purpose, since the decomposition experiment is carried out in air and at high temperatures.
The availability of a large number of holes at high temperature in semiconductors will be explained in the following way. The number of charge carriers in semiconductors, for example, in TiO 2 , is shown by the product of the Fermi-Dirac distribution function and the density of states.
24) The number of carriers estimated by above calculation at room temperature (RT) and 350 C (n RT ¼ n 0 exp½ÀE g =2k B T RT and n 623K ¼ n 0 exp½ÀE g =2k B T 623K , respectively) gives a ratio of n 623K =n RT % 8:8 Â 10
13 where
is the band gap of TiO 2 of the rutile phase. This number has approximately been confirmed in our experiment using single crystals of TiO 2 of the rutile phase. 10) Figure 1 shows the decomposition mechanism of polycarbonate (PC) used as the substrate for optical discs. 10) The initial principal step for the decomposition is the capture of bonded electrons from PC to form free cation-radicals there by thermally excited holes, followed by their propagation through the substance which induces radical spitting to break large molecules into fragments. These fragmented, small molecules then react with oxygen in air to yield H 2 O and CO 2 (i.e., complete combustion). The thermal activation of semiconductors described above has the three important processes: one is to create a vast number of holes at high temperatures, and the second is to fragment a giant molecule * Graduate Student, Yokohama National University into small pieces by radical splitting, and the final process is the total combustion of the fragment with oxygen to yield H 2 O and CO 2 . However, in the destruction of chloro-based VOCs, the formation of HCl is highly expected which poisons the catalysts. The objective of the present investigation is to fundamentally study the decomposition process of DCM and TCE on the basis of the mass-and Raman spectra, using four representative oxide catalysts: Cr 2 O 3 , TiO 2 , NiO, andFe 2 O 3 . This allows us to identify the formation temperature of HCl and also to optimize the temperature that achieves the complete removal of VOCs without any formation of HCl. We begin here with the corrosion test of the four oxides against vapors of HCl at room temperature and then carry out decomposition experiments with screened oxides in a powdered system as well as in our honeycomb-based VOC removal system with a heat exchanger. 2.2 Fixation of catalyst powders onto honeycomb substrates Dip method was employed to deposit powdered oxide catalysts onto honeycomb substrates. The suspension used was composed of a ketonic solvent, a minute amount of nitrocellulose as the dispersant or surface active agent, and powdered substances of metal oxides. 25) The fixation was carried out as follows. 30 g of powdered catalysts was first dried in air at 200 C for 1 h to eliminate water moisture. The powder was then suspended in 600 ml of an acetone solution containing 3.0 g of nitrocellulose. The suspension was conditioned in the presence of zirconia balls (0.6 mm in diameter) by a single-arm paint-shaker for 30 min (model 5410 from Red Devil Equipment Co.).
A honeycomb substrate to be coated was first dried at 200 C in air for 24 h. Then, the substrate was dipped into the suspension for 10 s. After that, the coated substrate was dried in an oven at 200 C for 30 min. During this process, the nitrocellulose used was thermally decomposed around 180 C.
Corrosion test of cordierite-supported oxide catalysts against HCl vapor
Corrosion test of the oxide catalysts against HCl was carried out in order to study the resistance of the catalysts against HCl. This is a screening test for the later decomposition test of DCM or TCE in a powdered system as well as in our honeycomb-based VOC removal system with a heat exchanger. The cordierite-supported catalysts were exposed to vapors of HCl for 24 h at room temperature. The samples were then evaluated by the color change as well as Raman spectra before and after vapor treatment.
Equipment and experimental conditions
An autoclave equipped with a mass spectrometer was particularly designed for this experiment. The schematic representation is shown in Fig. 2 . This is a fluidized bed system which enables us to maximize the collision frequency between catalyst particles and VOC gases. The volume of the reaction vessel is 300 mL, in which 40 g of powdered samples was charged. The stirrer rotates at a rate of 150 rpm. DCM or TCE was introduced, using air into the reaction vessel from the bottom of the autoclave through a filter of sintered stainless-steel powders. DCM or TCE were prepared by bubbling air. The concentrations of DCM or TCE were about 20 and 3 vol% relative to air, respectively. The gas flow rate was controlled at 100 mL/min; whereas the temperature was varied in the range between 100 and 500 C. The decomposed gas was sampled at various temperatures and analyzed by a quadrupole mass spectrometer (model: RG-102 from ULVAC).
On the one hand, the fluidized bed system is adequate for the detailed study of the VOC decomposition process; on the other hand, the system is not always appropriate to evaluate the deteriorated catalyst-powders as caused by HCl. For this reason, we have also evaluated the decomposition characteristics of DCM or TCE, using our honeycomb-based VOC removal system with a heat exchanger. The VOC removal system is an assembly of stacked catalyst units called ''function-separated units'' in the form of a stainless-steel box comprising a heat element and a catalyst-impregnated honeycomb [ Fig. 3(a) ]. The box is composed of a heat chamber based on a Ni-Cr wire (0.5 mm in diameter: 500 W) and a Cr 2 O 3 -coated honeycomb-substrate (100 Â 100 mm 2 with 30 mm in thickness). We fixed a spiral Ni-Cr wire on cuboid insulators attached to the bridge-girders in the catalyst unit: whereas one Cr 2 O 3 -coated honeycomb-substrate was placed directly above the heat element. This is the standard catalyst unit designated by unit A. Aside from unit A, there are two additional components composed of only two pieces of Cr 2 O 3 -coated honeycomb-substrates (unit B) and of only two pieces of heat elements (unit C). These are then stacked to constitute a catalyst-system as shown in Fig. 3(b) . The figure also includes an illustration of the equipment for measurements of VOC decomposition. The inlet gas is introduced from the bottom and pre-heated with unit C and then decomposed through the succeeding honeycomb-units heated at about 350-500 C. This is, however, a one-pass system and energetically inefficient because the exhaust gas temperature at the outlet is high. Therefore, a heat recovery exchanger is attached before exhausting to the atmosphere. This allows us a drastic increase in the energy efficiency. Figure 4 shows the total VOC removal system with a heat exchanger. The VOC gas enters through the heat exchanger, is heated and then enters the reactor.
In the present experiment, an extremely high concentration of DCM or TCE together with a high flow rate was intentionally used in order to visually observe the effect of HCl on the deterioration of the Cr 2 O 3 -coated honeycombs. To achieve this, about 3000 vol ppm of DCM or TCE was introduced into the reactor at a flow rate of 2 m 3 /min. The exhaust was analyzed by a hydrocarobon meter (model: TVA-1000B from Thermo Fischer Scientific Inc.).
Reflection spectra were measured on Cr 2 O 3 -coated honeycombs by means of a UMSP80 microscope-spectrophotometer (Carl Zeiss), where a Neofluar (Â16) objective was used. Likewise, Raman spectra were measured by an NRS-3100 laser Raman microscope-spectrophotometer from JASCO Corp. Figures 5 and 6 show the color change and Raman spectra of the samples, respectively, before and after HCl-vapor treatment. Neither color change nor change in Raman spectra was observed in the Cr 2 O 3 -coated honeycomb as shown in Figs. 5(a) and 6(a), respectively. The prominent Raman peak of Cr 2 O 3 around 550 cm À1 together with small peaks around 310, 350, and 615 cm À1 remain intact after vapor treatment. On the other hand, an appreciable change in color and Raman spectra was observed in samples of TiO 2 , NiO, and -Fe 2 O 3 . TiO 2 exhibited a slight change in color from pure white to slightly yellowish [ Fig. 5(b) ]. This corresponds to the phase change from the more rutile phase to the more anatase one as shown by the Raman spectra [ Fig. 6(b) ]. (The original ST-01 powder is of the anatase form as stated in section 2.1, but the TiO 2 -layer coated on the substrate exhibits more rutile phase than the anatase one.) The NiO layer was considerably corroded with HCl vapor. Even worse was the case ofFe 2 O 3 , where -Fe 2 O 3 was entirely dissolved in HCl and no traces of -Fe 2 O 3 remained on the substrate. As judged from the above results, Cr 2 O 3 was the catalyst of choice which has resistance against HCl. Therefore, the decomposition experiment as described below was carried out on powdered Cr 2 O 3 . Figure 7 shows the decomposition of DCM in air as a function of temperature, where the amount of O 2 , CO 2 , and HCl was determined relative to the amount of N 2 in air and expressed in terms of percentage. DCM begins to decompose around 100 C and then decomposes rapidly, and is finally completed around 450 C. The amount of O 2 and CO 2 decreases and increases significantly in the temperature range between 300 and 450 C, respectively. It is of great interest to note that HCl is not formed below 350 C and then formed abruptly above 350 C. The temperature window between 100 and 340 C is crucially important for the DCM decomposition that accompanies no HCl formation.
Results and Discussion

Corrosion test of Cr
Decomposition characteristics of DCM with powdered Cr 2 O 3 in an autoclave
The overall reaction can be described as follows:
However, aside from these species, we also detected traces of H 2 O (mass number: 18) in the final byproduct. On the other hand, neither Cl (mass number: 35) nor Cl-related signal was detected in the temperature range between 100 and 340 C, where DCM decomposition was under way. The problem where the Clspecies went away remains unclarified, although these can exist in the form of solid chlorides that cannot be detected by the present mass spectrometer.
Decomposition characteristics of TCE with pow-
dered Cr 2 O 3 in an autoclave Figure 8 shows the decomposition characteristics of TCE as a function of temperature. Destruction of TCE starts around 200 C and then proceeds rapidly with temperature, resulting in the complete decomposition at about 350 C. The O 2 is consumed while CO 2 is increased with the decomposition of TCE. Here again, HCl is abruptly formed at a critical temperature of 350 C, just as in the case of the DCM decomposition. No clear-cut overall reaction can be proposed for the TCE decomposition. We also observed traces of H 2 O in the final byproduct, but neither Cl nor Clrelated products could be found either in the temperature region below 350 C.
3.4 Decomposition test of DCM or TCE at 300 and 500 C with the Cr 2 O 3 -coated honeycomb system with a heat exchanger Figure 9 shows the decomposition characteristics of DCM at operation temperatures of 300 and 500 C, where the exhaust was monitored by a hydrocarbon meter. At the operation temperature of 500 C, the decomposition efficiency immediately went down as soon as the DCM was introduced into the system. This is clearly due to the formation of HCl above 350 C which attacks the Cr 2 O 3 layer on the honeycomb substrate, as verified below by Raman spectra. On the contrary, complete decomposition of DCM was observed at an operation temperature of 300 C for the operation time over 200 h. This is really an outstanding result for the DCM decomposition. Nearly the same result is also obtained with TCE. Figure 10 shows the Cr 2 O 3 -impregnated honeycomb (size: 100 Â 100 Â 30 H mm) after operation at 500 C for 15 min. The Cr 2 O 3 layer is totally corroded with HCl in the whole yellowish area, while the greenish part remains still unattacked by HCl. This is clearly borne out by the absorption and Raman spectra as shown below. Figures 11(a) and 11(b) show the visible absorption spectra and the Raman spectra, respectively, for yellowish part A and greenish part B as designated in Fig. 10 . The absorption spectrum at yellowish part A (as converted from the reflection spectrum) has a broad absorption around 400-480 nm, showing a yellowish color; whereas there are two absorption bands in greenish part B at about 470 and 600 nm (i.e., absorption dips around 410 and 540 nm) which are typical of the green color of Cr 2 O 3 . The present green spectrum is in good agreement with that of powdered Cr 2 O 3 reported in our previous paper. 18) Similarly, the Raman spectrum at yellowish part A exhibits only the characteristic bands of the cordierite honeycomb [ Fig. 6(a) ] in the absence of the characteristic band of Cr 2 O 3 around 550 cm À1 , while the Cr 2 O 3 band still exists in greenish part B. The same tendency was also observed in the experiment with TCE.
3.5 Recommended conditions for the operation temperature As is evident from Figs. 9, 10 and 11, the cordieritesupported Cr 2 O 3 operates perfectly well at an operation temperature of 300 C without accompanying any deterioration of the Cr 2 O 3 layer; whereas Cr 2 O 3 is entirely destructed by HCl at 500 C. This imposes us to adjust the operation temperature below 300 C. As stated in Introduction, the activity of our system is enhanced when operated at high temperatures around 350-
500
C because the number of charge carriers increases exponentially with temperature. This means that the higher the operation temperature, the more efficient the system becomes. However, in the case of chloro-based VOCs, the operation temperature must be adjusted to below 300 C so as to obviate the formation of HCl at the trade-off of the decomposition efficiency.
Conclusions
We have fundamentally studied the decomposition process of DCM and TCE due to thermally activated Cr 2 O 3 on the basis of the mass-and Raman spectra. The following conclusions can be drawn from the present investigation.
(1) Corrosion test of cordierite-supported catalysts (Cr 2 O 3 , TiO 2 , NiO, and -Fe 2 O 3 ) against to HCl at room temperature revealed that only Cr 2 O 3 remains intact as shown by its Raman spectrum. On the other hand, -Fe 2 O 3 is found to be entirely corroded while the others are partly damaged. This suggests that Cr 2 O 3 is the catalyst of choice that can be used for the decomposition of chloro-based VOCs.
(2) HCl that attacks Cr 2 O 3 -coated honeycombs is produced above 350 C due to thermally activated Cr 2 O 3 in the decomposition process of DCM or TCE. However, when the operation temperature is adjusted to below 300 C, both DCM and TCE can completely be decomposed without any deterioration of Cr 2 O 3 ; whereas the Cr 2 O 3 -coated honeycomb is totally decomposed at 500 C, as shown by the disappearance of the characteristic Raman peak around 550 cm À1 , as well as by the fading of the original green color of Cr 2 O 3 .
(3) While the decomposition of DCM and TCE occurs under the operation temperature below 300 C, neither Cl atom nor Cl-related species could be detected in the final decomposition byproducts. Why this happens remains unclarified in the present investigation. In view of this situation, it is advisable to install an alkaline washing process for safety, for example, at the end of the VOC apparatus in order to trap acidic byproducts. 
